filtration rate (eGFR; r = −0.509, p = 0.008; r = −0.441, p = 0.024; and r = −0.431, p = 0.028, respectively). CE-MRI-based skeletal leg muscle perfusion is markedly reduced in PAD patients compared with healthy controls and shows heterogeneous patterns across calf muscle compartments.
Introduction
Peripheral arterial disease (PAD) or lower extremity (LE) arterial disease is associated with impaired leg muscle function, possible limb loss, and an increased risk of atherothrombotic cardiovascular events and mortality [14, 25] . Intermittent claudication (IC) is a classic PAD symptom occurring in 40 % of symptomatic patients and is associated with 5-, 10-, and 15-year mortality rates of 30, 50, and 70 %, respectively [16] . Typical endpoints in clinical PAD trials are ankle brachial index (ABI), quality-oflife questionnaires, and treadmill performance measures, which have been shown to exhibit marked variability and limited reproducibility [19] . Previous findings suggest that alterations in microcirculation due to a paucity of collateralization may contribute to functional impairment in PAD patients [31] . Therefore, small vessel blood flow at the level of leg muscles may be of importance. Although in vivo measurements of the microvasculature is challenging, skeletal leg muscle perfusion may be a clinically important surrogate imaging marker of leg function in PAD [23] . A limited number of PAD imaging studies have utilized MRI and ultrasonography to assess leg muscle perfusion [23, Abstract We hypothesized that skeletal muscle perfusion is impaired in peripheral arterial disease (PAD) patients compared to healthy controls and that perfusion patterns exhibit marked differences across five leg muscle compartments including the anterior muscle group (AM), lateral muscle group (LM), deep posterior muscle group (DM), soleus (SM), and the gastrocnemius muscle (GM). A total of 40 individuals (26 PAD patients and 14 healthy controls) underwent contrast-enhanced magnetic resonance imaging (CE-MRI) utilizing a reactive hyperemia protocol. Muscle perfusion maps were developed for AM, LM, DM, SM, and GM. Perfusion maps were analyzed over the course of 2 min, starting at local pre-contrast arrival, to study earlyto-intermediate gadolinium enhancement. PAD patients had a higher fraction of hypointense voxels at pre-contrast arrival for all five muscle compartments compared with healthy controls (p < 0.0005). Among PAD patients, the fraction of hypointense voxels of the AM, LM, and GM were inversely correlated with the estimated glomerular Electronic supplementary material The online version of this article (doi:10.1007/s11517-016-1457-1) contains supplementary material, which is available to authorized users. 24, 37] . Calf muscle function during plantar flexion exercise has been studied previously with contrast-enhanced MRI (CE-MRI) [21] . However, perfusion analysis methods are not standardized, and it is unknown whether skeletal leg muscle compartments exhibit different perfusion characteristics.
Reference regions have been utilized frequently to assess tissue characteristics in MR imaging. Yoshida et al. [39] have utilized the sternocleidomastoid muscle on T1-weighted MRI scans as the reference regions for each patient to assess carotid artery plaque characteristics. Yuan et al. [40] developed a method to identify carotid artery plaques as either hypo-, iso-, or hyperintense with respect to the nearby sternocleidomastoid muscle that served as a reference region for each carotid artery MRI scan. The implicit assumption of utilizing intra-scan reference regions is that the depicted area is not affected by the disease being studied. This assumption may not be valid in the case of lower extremity PAD, which has been associated with fiber loss, increased levels of apoptosis and an increase in connective tissue, that in turn affect the MR signal due to a lower spin density [18, 27, 30] .
First-pass perfusion measurements have been incorporated in various imaging studies, and tissue perfusion characteristics can be obtained by analyzing contrast signal enhancement curves. Kim et al. [22] analyzed contrastenhanced MRIs of patients with prostate cancer to assess local tumor progression post-high-intensity focused ultrasonic ablation. Changes in perfusion in manually selected regions of interest were assessed, among other parameters, by the wash-in slope that is denoted as the maximum slope between the time of onset of contrast inflow and the time of peak enhancement on the time signal intensity curve [22] . Wu et al. [37] computed time-to-peak (TTP) in continuous arterial spin-labeling MRI scans from PAD patients and controls. TTP was measured starting from the time of cuff deflation to peak hyperemic flow in the calf muscle. Duerschmied et al. [17] analyzed calf muscle perfusion curves from PAD patients and controls who underwent contrastenhanced ultrasound imaging. Perfusion was assessed post-injection of 2.4 mL of SonoVue by randomly placing circular regions of interest with a diameter of 4 cm in the gastrocnemius and soleus muscles.
We sought to study for the first time skeletal leg muscle perfusion patterns separately for the five leg muscle compartments by incorporating physiological and fixed time points. We have developed a muscle perfusion MR imaging and analysis protocol to study microvascular perfusion patterns in the five leg muscle compartments including the anterior muscle group (AM), lateral muscle group (LM), deep posterior muscle group (DM), soleus muscle (SM), and the gastrocnemius muscle (GM). We hypothesized that microvascular perfusion can be measured with CE-MRI and will be heterogeneous in calf muscles of PAD patients compared with healthy controls. To this end, we have utilized a high-resolution saturation recovery gradient echo (GRE) pulse sequence with adequate temporal resolution to measure perfusion changes following cuff-induced reactive hyperemia. Measurements were normalized in order to account for inter-patient differences in the time from cuff deflation to contrast arrival in the leg. A novel perfusion analysis method has been implemented to obtain reference regions by calculating ensemble-means signal-time curves for each of the five calf muscle regions extracted from a set of contrast-enhanced MRI scans obtained in healthy controls without PAD. We have implemented an automated peak detection algorithm to identify physiological and fixed time points in the arterial input function taken from the most patent major leg artery during first-pass CE-MRI. The ensemble-means algorithm and the time points from the arterial input function were incorporated to generate normalized voxel-based perfusion maps that quantify the fraction of hypointense, isointense, and hyperintense voxels in the mid-calf. The utilization of the novel perfusion maps was demonstrated in 26 PAD patients and 14 healthy controls.
Materials and methods

Pilot study design and patient population
Male or non-pregnant female individuals 40 years of age and older with symptomatic lower extremity PAD were enrolled in this pilot study. PAD was indicated by a resting ABI of <0.9. Patients were excluded if their estimated glomerular filtration rate (eGFR) ≤40 mL/min/1.73 m 2 . Other exclusion criteria were contraindications to MRI, uncontrolled arrhythmias, or inability to provide informed consent. Patients were recruited at the vascular clinics at the Houston Methodist Hospital, Houston, TX. For control purposes, healthy volunteers underwent the same MR imaging protocol. A total of 40 individuals (26 PAD patients and 14 healthy volunteers) were included in this study. Informed consent was obtained from all individual participants included in the study. The study was approved by the institutional review board.
Magnetic resonance imaging protocol
Prior to imaging, a nurse placed a peripheral intravenous 22-gauge cannula in a cubital vein. Participants were positioned on the scanner table feet first in the supine position. Participants underwent MR perfusion imaging using a dedicated 36-element bilateral peripheral angio array coil on a 3.0-T MRI system (Siemens, Magnetom Verio, Erlangen, Germany). Contrast-enhanced (CE) MRI was performed at the mid-calf level. True fast imaging with steady-state precession (TrueFISP) localizers was acquired first [repetition (TR) = 9.02 ms, echo time (TE) = 3.93 ms, averages = 2, field of view (FOV) = 19.9 × 39.9 cm, bandwidth = 814 Hz/px; flip angle (FA) = 25°; matrix = 256 × 256).
Next, a state of reactive hyperemia was induced by 3.5 min of suprasystolic inflation of a bilateral MRI compatible blood pressure cuff positioned above the knee. Commercially available MRI compatible bilateral low extremity cuffs and manometer were used during imaging (SmartTourniquet system, Topspins Inc., Ann Arbor, MI, USA). Maximum cuff pressures did not exceed 170 mmHg, depending on patient tolerability. Rapid cuff deflation lasting approximately 1-2 s was synchronized with the administration of gadopentetate dimeglumine (Magnevist, Bayer Inc.), a gadolinium-based contrast agent (0.2 mmol/kg, flow rate = 4 mL/s) and a saline flush (20 mL at a rate of 4 mL/s). Immediately after cuff deflation, perfusion imaging was commenced using a high-resolution saturation recovery gradient echo (GRE) pulse sequence (TR = 2.7 ms; TE = 1.23 ms; slice thickness (ST) = 10 mm; bandwidth = 1021 Hz/px; FA = 30°; FOV = 17.5 × 35.0 cm; matrix = 144 × 288, number of averages = 1). Perfusion images were acquired every 409 ms (temporal resolution). In contrast-enhanced MRI, regions of hypoperfusion are indicated as dark areas (reduced signal intensity) [3] . Total imaging examination time was approximately 20-30 min.
Image analysis
MRI images were saved in DICOM format and transferred to a workstation for offline processing. Five distinct leg muscle compartments including the (1) AM group, (2) lateral muscle group, (3) deep posterior muscle group, (4) soleus muscle, and (5) gastrocnemius muscle were semiautomatically segmented based on a muscle quantification algorithm and an in-house developed graphical user interface (GUI) [6] [7] [8] . The segmented region contours were smoothed using a level set algorithm with a weighting term for a curvature-based force [28] . Figure 1 shows the segmentation of the 5 muscle groups. In order to calculate the muscle perfusion maps, arterial enhancement curves were analyzed and an ensemble (collective)-means algorithm was implemented for each of the five distinct skeletal muscle groups signal intensities versus time curves (muscle perfusion curves), both of which are detailed next. The image analysis method has been detailed in part previously [8] , including intra-and inter-observer reproducibility, assessed with intra-class correlation coefficients (ICC) using a 2-way model (ICC > 0.95, p < 0.0001, for images of good quality) [9] .
Muscle perfusion curves
The leg muscle contours were quantified in one CE-MRI frame, and an image analysis algorithm automatically propagated the contours to all frames of the acquisition. Care was taken to correct for leg motion. The usage of a 90-cm bilateral coil which was strapped onto the table effectively limited leg motion during imaging. An in-house developed GUI was utilized to segment each of the five calf muscle contours. Muscle signal intensity versus time curves were created for each of the five muscle compartments by calculating the mean signal intensity for every frame over the high-resolution saturation recovery GRE pulse sequence. Specifically, let I(x, y) ∈ R 2 , with x ∈ (1, 2, …, X), and y ∈ (1, 2, …, Y) be a raw DICOM slice and A be the number of intensity levels {α = 1, 2, …, A}. Then, the muscle perfusion analysis algorithm calculated the average signal by first smoothing each MRI slice by convolving I(x, y) with a Gaussian as and variance v. This iterative process provided for each muscle group a vector with a length equal to the number of frames with a temporal resolution of 409 ms. Subsequently, the perfusion curves of every muscle group were smoothed using a moving average filter based on local regression using weighted linear least squares and a first-degree polynomial model. The smoothing method assigns zero weight to all data points outside the six mean absolute deviations. This robust version assigns lower weights to outliers in the regression. The span for the filter was 10 % of the total number of measured data points. The filtering was implemented with the smooth function in MATLAB (MATLAB version 7.8, MathWorks Inc., Natick, MA). The robust filtering was used to avoid large outliers in each time series, and the 10 % filter span was selected based on the 2-min perfusion sequence length incorporated in the analysis, which resulted in an adequate signal representation.
Extraction of physiological time points
Perfusion maps were calculated for 5 distinct time points at pre-contrast arrival, peak arterial enhancement, first minimum post-peak enhancement, at 1 min, and at 2 min. These points were chosen to study skeletal muscle perfusion using reference time points measured directly in the more symptomatic leg. Time points were extracted from arterial signal enhancement curves ( Fig. 2) . Specifically, the precontrast arrival time was determined visually as the frame before any arterial signal enhancement was visualized. Peak arterial enhancement was determined from either the anterior tibial artery, posterior tibial artery, or peroneal artery, depending on signal enhancement, vessel patency, and by tracking the lumen of the most patent artery over the perfusion sequence. The first minimum post-peak enhancement is located between the peak and the recirculation peak of the gadolinium bolus, as illustrated in Fig. 2 . The 1 and 2 min time points were selected to study early-to-intermediate gadolinium enhancement. We chose physiological time points to account for variations including among others patient height, heart rate, and arterial disease. The 1-and 2-min intervals were included to provide a frame of comparison with related studies [24, 34] . Figure 2 shows the recirculation peak of the bolus that can be identified as the second smaller peak, which was not always clearly present, especially in PAD patients. Therefore, this physiological time point was not included in this analysis. The peak arterial signal and the first minimum post-peak were automatically identified using an in-house developed peak detection algorithm [38] . Detected points were visually confirmed ( Fig. 2 ).
Ensemble-means algorithm
In order to calculate perfusion maps illustrating hypo-, iso-, and hyperintense voxels, a set of reference values was required, which were taken from muscle compartments of healthy controls. Due to potential variations across multiple controls, the muscle perfusion curves were averaged over all healthy controls using an automatic ensemble-means algorithm, a known methodology described previously by several groups including ours [5, 38] . Secondly, leg muscle groups contain both slow and fast twitch muscle fibers that are arranged in a mosaic-like pattern. For instance, the soleus muscle typically has a high percentage of slow twitch mitochondrial type I muscle fibers, whereas the gastrocnemius contains more fast twitch glycolytic type II muscle fibers [26] . However, these percentages are known to vary across patients and may influence MR signal, and therefore, ensemble-means curves were calculated separately for all five muscle compartments. Briefly, the ensemble-means methodology permits averaging over discrete data points recorded over multiple frames and across subjects, taking into account different acquisition durations and varying The markers on the curves represent the time points prior to contrast arrival, peak arterial enhancement, the minimum prior to the re-circulation peak, 1 and 2 min after the first marker temporal resolution of the acquired data, as detailed previously [38] . The ensemble-means algorithm was adopted to use five distinct physiological time points including the pre-contrast arrival, peak arterial enhancement, the first minimum post-peak enhancement, 1 and 2 min to align and subsequently interpolate the muscle perfusion curves across subjects. The five resulting ensemble-means curves represent standardized post-reactive hyperemia muscle perfusion curves over the course of 2 min for healthy controls, which were used as reference values, as detailed next (Supplemental Fig. 1 ). The calculation of the ensemble-means curves was validated using leave-one-out cross-validation (LOOCV), a rigorous and computationally demanding iterative validation method, as described previously [8, 10] . The muscle perfusion curves from one control at a time were left out, and the ensemble-means curves were constructed with the remaining N C − 1 observations, with N C being the number of controls. This iterative process was repeated with
In order to account for differences in the area of muscle compartments (number of voxels), a histogram-based approach was taken. The histogram represents the distribution of the relative signal intensities for each muscle group with the added advantage of being robust against similarity transformations (motion artifacts) and signal fluctuations due to image noise. For each muscle group, a histogram H M was calculated based on the respective signal intensity values of each voxel as where B M denotes the number of bins for each histogram and M indicates the muscle group. The b-th bin h M b for each histogram is defined as where s ij is used as a synonym for a voxel element of any one of the segmented five muscle regions. Although the algorithm can utilize different numbers of bins per muscle group, we used B M = 32 for all muscle groups, which provides a robust and compact histogram representation. The voxel categorization was performed for the five time points (pre-contrast arrival, peak arterial enhancement, first minimum post-peak enhancement, at 1, and at 2 min) using the histogram representation and the reference values extracted from the muscle group-specific ensemblemeans perfusion curves from the healthy controls. The resulting perfusion feature vectors were normalized to represent hypo-, iso-, and hyperintense voxels as percentage values, and perfusion maps were color-coded (Figs. 3, 4 ).
Statistical analysis
Variables were expressed as mean ± standard deviation, median (interquartile range [IQR]), percentages, or frequencies. Variable normality was assessed with the Shapiro-Wilk test. A p value <0.05 was considered statistically significant, and all tests were two-sided. Differences in continuous normal variables were analyzed with independent-samples Student's T statistic, while the Mann-Whitney-Wilcoxon test was used for non-normally distributed independent samples. Group differences of categorical data were analyzed with the Chi-square test or the Fisher's exact test. General linear
1 if the s ij signal intensity value is quantized into the b-th bin 0 otherwise, muscle perfusion curves from each control. The Dice similarity coefficient (DSC), a known metric to quantify differences between feature vectors or images, was used to quantify the similarity of the ensemble-means curves across the validation subsets [12, 15] . The Dice coefficient is defined as: DSC = 2(V 1∩V 2) (V 1+V 2) , where V1 and V2 are vectors, and ∩ is the symbol for the intersection.
Perfusion maps
Perfusion maps were computed based on skeletal muscle voxels, which were categorized as either hypointense (V M Hypo ), isointense (V M Iso ), or as hyperintense (V M Hyper ). The voxel categorization was based on muscle group-specific reference values calculated from the ensemble-means perfusion curve of the healthy controls (Supplemental Table 1 ). Specifically, two reference values were calculated for each muscle group
where μ M and σ M are the mean and standard deviation for muscle group M, respectively. The thresholds were determined individually for each muscle group and every time point in the analysis to account for signal enhancement due to reactive hyperemia. The thresholds of mean ± 2 standard deviations to identify hypointense, isointense, and hyperintense regions were based on reports from previous perfusion imaging studies [1, 33, 35] . Each muscle voxel was categorized as either hypointense, isointense, or hyperintense in relation to the references values based on models were used to assess associations between perfusion characteristics and ABI and eGFR. We also calculated Spearman correlation coefficients. The Spearman correlation coefficient (r) was calculated and the strength of correlations described as weak (r < 0.3), medium (0.3 ≤ r < 0.5), or strong (r ≥ 0.5) [13] . The statistical analyses were performed with SAS 9.3 (SAS Institute, Inc., Cary, NC, USA).
Repeated-measures analysis of covariance (ANCOVA) was used to compare between subjects effects for the fractions of hypo-, iso-, and hyperintense voxels over time. The sphericity assumption for the repeated-measures ANCOVA models was checked using Mauchly's criterion. When sphericity was violated, corrected p values were reported using the conservative Greenhouse-Geisser (G-G) adjustment along with the G-G epsilon. Fig. 4 Time course of post-reactive hyperemia contrast-enhanced MRI of a PAD patient. a-e Show the time points prior to contrast arrival (a), peak arterial enhancement (b), the minimum prior to the re-circulation peak (c), 1 min (d) and 2 min (e) after the first marker. f-j Show the respective perfusion maps for the five segmented muscle groups, where blue indicates hypointense voxels, green represents isointense voxels, and red shows hyperintense voxels. The soleus and gastrocnemius muscles show a high fraction of hypointense voxels over time indicating impaired skeletal muscle perfusion (A anterior muscle group, L lateral muscle group, S soleus muscle, D deep posterior muscle group, and G gastrocnemius muscle) (color figure online) 
Results
Baseline characteristics
PAD patients were older than the healthy controls (65.5 ± 10.1 vs. 34.9 ± 5.0 years, p < 0.001) and had a higher BMI (29.
Among the 26 PAD patients, 11 (45.8 %) presented with rest pain and 10 (38.5 %) were diabetic (Table 1) . PAD patients had an average ABI of 0.626 ± 0.18 in the more symptomatic leg and an eGFR of 71.9 ± 16.9 mL/ min/1.73 m 2 . The imaging protocol required a bilateral cuff occlusion at moderate suprasystolic pressures for a period of 3.5 min. No adverse effects of the imaging protocol were observed in the presence of lower extremity stents, and the cuff occlusion was well tolerated in patients with rest pain. Maximal cuff pressures of 170 mmHg were reached in all except one patient who presented with significant rest pain and cuffs were inflated to 145 mmHg for 3.5 min.
Cross-sectional leg measurements
Cross-sectional leg area at the mid-calf level was not different between PAD patients and healthy controls when adjusted for age and gender (93.75 ± 27.5 vs. 103.92 ± 20.4 cm 2 ; ANCOVA: p = 0.38). Although the cross-sectional areas of the five individual muscle compartments were lower in PAD patients, these differences were not significant when adjusted for age and gender (AM: 7.88 ± 2.6 vs. 8.25 ± 2.2 cm 2 , p = 0.56; LM: 4.58 ± 1.6 vs. 4.68 ± 1.8 cm 2 , p = 0.68; DM: 3.50 ± 1.5 vs. 3.52 ± 1.4 cm 2 , p = 0.56; SM: 17.8 ± 6.6 vs. 20.0 ± 5.5 cm 2 , p = 0.60; and GM: 15.9 ± 6.7 vs. 18.0 ± 3.5 cm 2 , p = 0.51).
Ensemble-means algorithm validation
Image analysis experiments were conducted on a 2. ANCOVA: all p < 0.0005). These differences persisted when adjusted for pre-contrast arrival signal intensities of the muscle compartments and after further adjusting for age and gender, respectively (all p < 0.0003, all p < 0.044), except for AM which was marginally higher (p = 0.051). The fraction of isointense voxels at pre-contrast arrival was significantly lower for AM, LM, SM, and GM in PAD patients compared with healthy controls (AM: 75.0 ± 7.6 vs. 80.2 ± 6.1 %; LM: 60.2 ± 14.6 vs. 74.4 ± 10.4 %; DM: 78.3 ± 6.2 vs. 81.6 ± 3.1 %; SM: 73.0 ± 9.3 vs. 79.6 ± 7.5 %; GM: 69.5 ± 10.0 vs. 76.5 ± 7.6 %; ANCOVA: all p < 0.05 except DM: p = 0.08). When adjusted for pre-contrast arrival signal intensities, only LM remained significant (p = 0.018) and there was a trend for GM (p = 0.051). Only the fraction of isointense voxels for DM in PAD patients was significantly lower in the fully adjusted model (p = 0.037). Conversely, there were no significant differences in the unadjusted and fully adjusted models for the fraction of hyperintense voxels at pre-contrast arrival among all five muscle compartments (AM: 7.64 ± 13.0 vs. 13.8 ± 18.9 %; LM: 12.8 ± 17.3 vs. 14.1 ± 21.6 %; DM: 7.18 ± 9.5 vs. 5.04 ± 14.8 %; SM: 5.54 ± 6.7 vs. 8.86 ± 19.0 %; GM: 15.0 ± 17.9 vs. 16.6 ± 21.0 %; all not significant). However, LM and DM had significantly lower fractions of hyperintense voxels in PAD patients compared to healthy controls when adjusted for pre-contrast arrival signal intensities (ANCOVA: p = 0.038, and p = 0.03, respectively).
Distribution of hypointense voxels over 2 min post-reactive hyperemia
In order to test the hypothesis that fractions of hypo-, iso-, and hyperintense voxels in the five leg muscle compartments measured post-reactive hyperemia at five time points (pre-contrast arrival, peak arterial, first minimum post-peak arterial, at 1 min, and at 2 min) differ overall between PAD patients and controls, we employed unadjusted and adjusted repeated-measures ANCOVA models. Table 2 shows the time course from pre-contrast arrival to 2 min post-contrast for the fraction of hypointense voxels, which differed significantly overall for the five muscle groups between PAD patients and healthy controls (between subjects effects) for the unadjusted (all p < 0.007) and minimally adjusted models (all p < 0.006), whereas in the fully adjusted model only LM (p = 0.0198) and DM (p = 0.0122) remained significantly different and there was a trend for AM (p = 0.0725, Figs. 3, 4) . Overall, there were significant differences between time points (within subjects' effects) for all muscle groups (p < 0.002, using G-G correction, ε < 0.7). These differences persisted for all muscle groups (p < 0.04, with G-G correction, ε < 0.7) except for SM, and there was a trend for AM (p = 0.0668, G-G correction, ε = 0.55), when adjusted for pre-contrast arrival signal intensities. Differences between time points remained significantly different in the fully adjusted model for AM (p = 0.0329, G-G correction, ε = 0.58), and DM (p = 0.0237, G-G correction, ε = 0.72), and there was a trend for GM (p = 0.0848, G-G correction, ε = 0.37).
Distribution of isointense voxels over 2 min post-reactive hyperemia
The fraction of isointense voxels was significantly lower overall for the five muscle groups between PAD patients and healthy controls for the unadjusted repeated-measures ANCOVA model (p < 0.05) and only for LM (p = 0.008) and DM (p = 0.02) among the minimally adjusted and fully adjusted models, respectively (Table 3) . Overall, there were significant differences only between time points for 
3
AM in the fully adjusted model (p = 0.02, G-G correction, ε = 0.54) due to the bend occurring near the arterial peak (Fig. 5) . Moreover, differences among time points for all five muscle groups were significantly different in the unadjusted models (all p < 0.02, G-G correction, ε < 0.66). Conversely, for the minimally adjusted models only time points for AM, LM, DM, and GM differed significantly (all p < 0.012, G-G correction, ε < 0.65).
Distribution of hyperintense voxels over 2 min post-reactive hyperemia
For the hyperintense voxels, no overall differences were observed for the unadjusted and fully adjusted models (all p > 0.1, Table 4 ). However, the fraction of hyperintense voxels of LM, SM, and GM were significantly lower (all p < 0.05) in PAD patients compared to controls when adjusted for pre-contrast arrival signal intensities. Similarly, there were significant differences overall between time points for all muscle groups (p < 0.006 using G-G correction ε < 0.7), except for a marginal trend for GM (p = 0.057, G-G correction, ε < 0.58). In contrast, none of these differences remained significant when adjusted for pre-contrast arrival signal intensities, except for SM, which was marginally different between time points (p = 0.058, G-G correction, ε = 0.42). When fully adjusted, only DM was significantly different between time points (p = 0.03, G-G correction, ε = 0.56) and the marginal difference remained for SM (p = 0.051, G-G correction, ε = 0.42), and there was a trend for AM (p = 0.079, G-G correction, ε = 0.37). There was no interaction of group by time course for hypo-, iso-, or hyperintense voxels (all p > 0.05).
Amount of hypointense voxels in PAD patients correlates inversely with eGFR
Among PAD patients, the percentage of hypointense pixels at pre-contrast arrival of the AM, LM, and GM were significantly inversely correlated with eGFR (r = −0.509, p = 0.008; r = −0.441, p = 0.024; and r = −0.431, p = 0.028, respectively), but not for SM (r = −0.306, p = 0.13) while there was an inverse trend for DM (r = −0.373, p = 0.06). Conversely, there were no significant correlations with eGFR for the respective percentages of isointense voxels and for the percentages of hyperintense voxels of the LM, SM, and GM. However, the fractions of hyperintense voxels of the AM and DM showed significant positive correlations with eGFR (r = 0.484, p = 0.0122, and r = 0.415, p = 0.0349, respectively). As expected, PAD patient age and eGFR were inversely correlated (Spearman r = −0.406, p = 0.0396). However, patient age did not correlate with any voxel fractions (Spearman, all not significant).
ABI of PAD patients is not correlated with amount of hypo-, iso-, and hyperintense voxels
The ABIs of the more symptomatic leg in PAD patients did not show any significant correlations with fractions of hypo-, iso-, or hyperintense voxels (Spearman, all not significant). Table 3 Repeated-measures ANCOVA models for fractions of isointense voxels over time post-reactive hyperemia for PAD patients and healthy controls
All values are means (standard deviations)
PAD peripheral arterial disease, Model 1 unadjusted, Model 2 adjusted for muscle group-specific median signal intensity prior to contrast arrival, Model 3 Model 2 + age and gender, Pre-CA prior to contrast arrival, Peak peak arterial enhancement, First Min. minimum prior to the re-circulation peak; 1 and 2 min after pre-CA P values were calculated for group differences using repeated-measures ANCOVA models 
Discussion
This study investigated skeletal leg muscle perfusion in five muscle compartments including the AM group, lateral muscle group, deep posterior muscle group, soleus, and the gastrocnemius muscles of PAD patients and healthy controls. Leg muscle perfusion and perfusion patterns were measured post-reactive hyperemia by calculating over time hypointense, isointense, and hyperintense voxel fractions for each of the muscle compartments. There were three major findings of this study. Firstly, PAD patients compared to healthy controls had higher fractions of hypointense voxels in leg muscle compartments prior to contrast arrival, persisting for at least 2 min during early and intermediate gadolinium enhancement. These higher fractions of hypointense voxels indicate perfusion abnormalities which persisted for the between-group comparison when adjusted for precontrast signal intensities and remained significant further adjusting for age and gender for the lateral and deep posterior muscle compartments and there was a trend for the AM compartment.
Secondly, skeletal muscle perfusion showed marked differences post-reactive hyperemia across leg muscle compartments as indicated by differing fractions of hypointense, isointense, and hyperintense voxels. Thirdly, among PAD patients, the fraction of hypointense voxels of the anterior and lateral muscle compartments and the gastrocnemius muscle are inversely correlated with the estimated glomerular filtration rate (r = −0.509, r = −0.441, r = −0.431, all p < 0.029). Conversely, hyperintense voxel fractions of the anterior and deep posterior muscle compartments were significantly positively correlated with eGFR (r = 0.484, p = 0.012, and r = 0.415, p = 0.035), while isointense voxel fractions were not associated with eGFR.
Taken together, these results suggest that PAD patients compared with healthy controls have impaired skeletal muscle perfusion, which is in accordance with previous studies [24, 34] . Previous studies have established a strong link between PAD and impaired leg muscle function. The results of our study suggest further that skeletal muscle perfusion abnormalities can be seen prior to contrast arrival and persist over the course of at least 2 min post-reactive hyperemia. Moreover, these effects seem attenuated for the soleus and gastrocnemius muscles when adjusted for precontrast arrival signal intensities, age, and gender.
Measurement of skeletal muscle perfusion during postischemic reactive hyperemia using contrast-enhanced MRI with a step-input function has been performed previously [34] . Previous studies have suggested that signal enhancement and related slopes of relative signal intensities over Table 4 Repeated-measures ANCOVA models for fractions of hyperintense voxels over time post-reactive hyperemia for PAD patients and healthy controls All values are means (standard deviations) PAD peripheral arterial disease, Model 1 unadjusted, Model 2 adjusted for muscle group-specific median signal intensity prior to contrast arrival, Model 3 Model 2 + age and gender, Pre-CA prior to contrast arrival, Peak peak arterial enhancement, First Min. minimum prior to the re-circulation peak; 1 and 2 min after pre-CA P values were calculated for group differences using repeated-measures ANCOVA models ◂ time curves may be limited due to averaging over large areas of skeletal leg muscle [34] . In fact, it is entirely possible to visualize co-located abnormal perfusion areas within a skeletal muscle compartment [34] . Therefore, we implemented CE-MRI perfusion maps to visualize and analyze skeletal muscle perfusion on a voxel-by-voxel basis. Our study shows heterogeneity in muscle perfusion across leg muscle compartments in healthy controls as well as in PAD patients. Similar findings have been reported by Wu et al. [36] whose study of 24 healthy subjects suggested that calf muscle perfusion heterogeneity could be attributed to differences in muscle fiber composition across leg muscles. Isbell et al. [21] studied leg muscle perfusion with CE-MRI in conjunction with a plantar flexion exercise protocol. However, MRI compatible plantar flexion devices are typically not available in clinical scanners. In contrast, in our study a state of reactive hyperemia was achieved with a lower extremity blood pressure cuff positioned above the knee that was released after being inflated to moderate supersystolic pressures for 3.5 min. This protocol was well tolerated by PAD patients including 50 % of the study population who presented with rest pain and thus providing a potential option to assess muscle perfusion in patients who are unable to perform treadmill testing or other exercisebased imaging tests.
Functional impairment in PAD patients has also been investigated with ultrasound imaging. Lindner et al. [24] studied stress-rest perfusion imaging of skeletal muscle in the lower extremity with contrast-enhanced ultrasound (CEU) to assess the severity of disease in 26 controls and 39 PAD patients, 19 of whom presented with type 2 diabetes mellitus. Perfusion was assessed in the gastrocnemius and soleus muscles at rest and after 2 min of calibrated plantar flexion exercise. Disease severity defined by treadmill performance was predicted best when combining diabetes status and either exercise blood flow or flow reserve on CEU. In our study, we also measured perfusion in the gastrocnemius and soleus muscles over 2 min post-contrast administration and additionally also in the anterior-, lateral-, and deep posterior muscle compartments. We also studied perfusion of skeletal leg muscle groups separately and found marked heterogeneous perfusion abnormalities suggesting localized and muscle group-specific perfusion impairments. Future studies need to elucidate whether muscle perfusion heterogeneity is associated with or co-localized with changes in leg muscle capillary density or muscle fiber loss [31] .
The association of hypointense muscle voxel fractions with estimated glomerular filtration rate suggests that muscle perfusion, as measured by CE-MRI, maybe of interest to study microvascular disease. The average eGFR in our study was 71.9 ± 16.9 mL/min/1.73 m 2 , and 18 out of 26 PAD patients had an eGFR < 90 mL/min/1.73 m 2 indicating mildly reduced kidney function. Previous studies have shown that a reduced glomerular filtration rate is associated with an increased risk of PAD [4] . Moreover, eGFR is not only a measure of renal disease but has been associated with cerebral small vessel disease and a host of diabetesrelated illnesses including retinopathy and neuropathy [20] . Our findings suggest that MRI measured skeletal muscle perfusion is associated with eGFR, a marker of microvascular disease. Future studies will need to elucidate the underlying mechanism.
The lack of a correlation of the ABI with the muscle perfusion markers in PAD patients suggests that the MRI characteristics described in our study are independent measures of PAD. Our study utilized a blood pressure cuff positioned above the knee to induce a state of reactive hyperemia which allows perfusion imaging in PAD patients who cannot perform exercise due to rest pain and provides a potential alternative for clinics without access to MRI compatible exercise equipment. The reactive hyperemia protocol presented in this study is in agreement with clinical practice in vascular laboratories which recommend that thigh-cuffs are inflated to suprasystolic pressure levels for approximately 3-5 min [2] . Although some previous studies used target thigh-cuff pressures of up to 250 mmHg, we opted for lower pressure levels (170 mmHg), improving patient safety for PAD patients with rest pain, yet sufficiently high to induce a state of reactive hyperemia [32] .
Limitations
This study has limitations. Emerging MRI protocols such as arterial spin labeling (ASL) and blood oxygenation level-dependent (BOLD) have been used to assess microvascular perfusion [11, 37] . These protocols are not yet widely available in the clinical setting [29] . Vascular artifacts may be present, which are associated with the inflow of labeled arterial blood into the arteries [29] . Significant errors in perfusion measurements may occur in cases of leg motion, in-plane flow, or slow/impaired flow, which are commonly observed in PAD patients. This study used gadolinium, and therefore, patients with chronic kidney disease with an eGFR < 40 mL/min/1.73 m 2 cannot undergo the MRI protocol detailed herein. The 1-and 2-min time points were not physiologically motivated and therefore may not account for inter-patient differences due to heart rate, height, and arterial disease status. Healthy controls were significantly younger than PAD patients. Plans are underway to study the natural variation of skeletal leg muscle perfusion in young and older individuals. Microvascular perfusion may also be impacted by other factors not limited to smoking status, physical activity, and hypertension, all of which have not been accounted for in the control group. Additional study is needed to assess the proposed imaging protocol in comorbidity-matched controls.
In conclusion, CE-MRI is a feasible technology to image skeletal muscle perfusion in the calf post-reactive hyperemia in PAD patients. Skeletal leg muscle perfusion as measured with CE-MRI is markedly reduced in PAD patients compared with healthy controls. Muscle perfusion shows heterogeneous patterns across leg muscle compartments.
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